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CHARACTERISTICS OF TURBULENCE IN A BOUNDARY LAYER
WITH ZERO PRESSURE GRADIENT'

Bv 1I. 18 K11EBANO~F

SUMMARY impetus to experimenetal work in shear t urbuleln'e 211141 have~i

The results of an exrperimental inre~stigation (if a turbulent encouraged tlie point of view that some' of the priope'rt ies of
boutndary layer with zero preswvure gradient are presented. isotropic t urbulenice mayv be applici(able. Thie appl)T4ication
Measurements trith the hot-wire anemometer were made of Iof isotropy to shear flow has beeni rather extensivelyi studliedI
turbulent energy and turbulent shear stresvs, probability density it, wakes (ref. :3) arid founil to be useful, but its uisefulness iii

andfattninfiator f u u -( 1 abounaryIftveris till (julestionafbl(', esp)eciallyv ill (11he
and fatteinq acto ofluuctuationo (fluctuation in ifduectiofl), abudr lyri

opcr f turbident enerqy and shear stress, (and turbulent region near thle wall . At best, isotropy bielon~gs to tite fiinal
(lissijation. The importance of the l'efjwn near the w'all and of' (lissipatioli stage of shlear t urbiulelice andi here (-itiil tilio%%

the inadequacy ot the concept olf local isotropky (ire demonstrated. little' light Oil the nIcchaisiiiss pertainling to shear flow. Any,
At1tention is gicen to the enierqly balance and the intermittent aIttemp11t to investigate the tuil-iulcuice Illcia'(l~itiilu is flani-

character of the outer region of the bou~ndary~ layer.f Also peredI by' the lack of tin experiental il technique for mieasure-
sei'eal, interesting features of the s'pectral distribution of the mle'it Of the pressure filuctuaitionls. hlowever, it is posibSile
turbulent inotion.' aire dliscussed. to Ob~tain iniformait ion pertainling to t Iii' ('i('rgy hahlirle', thec

INTRODUCTION stu(Iv of which may be considleredl at pro per a pproachi to then
problem. Ali important step inl this dfirect ion ilIi(th invest i-

The statistical t heor ,v of turbulence introducied bY T'aylor gat ion of thle bounidarY layver wats madle bY Townsend (ref. 6.
and elaborated uponl 1w Kartuaui, Howarth, andl Dryvden has Withi respect to this poinit of view tlie( present wvork attIemipt s
1)laYe( anl important role inl provitling a s0111(1 basis o h to lprovidle ad(litioiial iniformat ion, especially for tilie reguion
mtmidv of turb~ulence. lIn the main, this advance has been close0 to thle Wall, iiuuil to obtain at more dfirect measure of tile
confine(l to the dlomain of homogeneous andI isotropic dlissipationl witholot relyving ('ompiltelv.N oil thIe c incep t of localt

turbulen ce. At present tuirbulent shear flows present dlifli- isotropy.
culit iv' so formidable that statistical theories have mnade little At tent ion liere is given to thle hHoun(lar ' lay' er withI zero
progress. 'lThe older semiempirical a iid phienome(nological lresslircgiii(l ict muiil('reo('lit ions ats favorable ats pract ic'able
theor'ies still 'ouist ituite therflost t angibile theoretical imet hodis. for thle use of hot-wire tecihiciiiqie. The met hodl of obtaininig
It is flow generally believed t liat experiment shou11ld be calledl Ilie bolun(lary layer is (lesc'Iil)e(l inl referen(ce 8. a11(1 til p1'resenut
uiponi wheniever possible to furnish info'rmat ion onl t he act ual work may be regmrile(I ats af conitinuaition of lithe formner work
b eh a vior oil tIile grou iils thiiat su('ll in form at ion is ni'' eede to ill whIic is('l-io is flow nial of4 I tif l an r t itic in lv Ii hioketietl laver as
acquire rtn insight into ( lie t tirhulence proce(sses5 aid to form af r'esearch tool. While t here are maijiii impol)4ali feat uo's
the( biasis for a sound theoretical approach. of lbouhillar 'y-Iay('' t uri'bleiicc, tlile priesenlt invest igaiit i41 s

Expei'imental invest igat ions inl shear' flow have madle voli('(rni('d withI t hree major pihase's The( iliti'rrillitt t('niv 411141

en4oulraiging progre'ss, largely because of the increasing 11111- its 4'fr(''s ait lie( free bound~ai'y, eui('ngy balanve, ali~l thle

be'i of statistical propertie4s thFat maty he measured by im- spectral 4 list rihiut ion of t urml4'rit viieergy arid sinai' stress.
l)I'v4'(l hot-wire techniques. Nicasuremerits have been Since the14 bound~ary * llay er is it 'olnlpl('x flow 4'onlbiuiilig t lie
madnfe ill the jet, wake, t wo-dlimensional channlel, pipe, and( effects of a free uomiindar 'v oii thIe oile sidle anld thIose of at solidf

bo ii nIar~v layver (e. g. , refs. I to ) . TIhese h ave sI ow ii t hat will Ionl tlie( othIier, no one( p art oif thle layver cou~ 14 e III0 44'
lie basic assumptions of thle phienomenologic'al theiories are emphausizedI. This make's it tin init rest itg suii)ji'4't if no~t it

ineiiiOsist4'it with the( experimental evitlicev its to tlie( na~tir(' simp~le ouie.
of thet turbitletit motions. The work of C orrsiui (ref. I) Thel( piresenit iiiy'st igit ion wits co('iiillii'ti' t theii Nationail

reveailed lie( intermittent, character of turbulent flowv near at Buireau of Stuandardls undler t lie spoiisorshiip and wit hi tOw
free boundlarv. This wats later stludied ill some dletail li 1v finanicial assist ancie of thle National Advisor~v ( ominniii 1' foll
Tlownomisd (ref. 2) still1 is iiow recogiiized ats af p~hienomnoinl Aeronaut ics. TIhie authlor wishes to express his appreciat ioul
associatedl withI a sharp) but irregtilar division bet weeni tulr- to D~r. (s. It. S'liubataeu' for his active support andl 4ouistruev-

buh'nt and iiont urbilent flow. Thel( recenti I ll'oret iefa t ive critic'ism an1(1 ito acknowledge grati'fully the assist ancei
cohitribut ions of KoltitogorofT (refs. 1) andI 10), hle1isenheu'g of MIiss Z. WN. lDiefil and MIr. TI. .1. Kelly. lHe also wishes tot

(ref. I I), atrid of he4rs dlealing wit ItI the concrept of local iso- I hank D~r. C . \11. Tehien and Dr. .1. I atiifer for t heir intere's
tropy and Ihle specitirm of t urmlel('it eniergy hiave givenl u4(Well and~ St imuilatiiig ilisiussiiuns.

-1,m~I~ \ AC It T, I7 ' 4 17m"C rsictriM4 iei in it miumistry i.,oi-r With , zrr I'mm'ijr 4 irmnIi--t it- h% '. S K h''~ntmf. 14.04
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SYMBOLS r11 (list at tee aidot i surfi ife froiti vi Itiu oh riginI of

Cr ~ / /(!/a _9l istaet.ttt 1101tii11tl to siurface lenwirlled from sul.-
I ~flce

coefficieitt of skin friction, P1*=

Et~k) three-dimensional speet tal funtict i llss1i550itt(l 4ttt1t~t~'thk~s
with k

e Vo~(ltage I'luctualtionl

ors itProdutcedl by ju, ,'.[-(/ )]d!
t2 signald rdcd1 c-componeit, f dissipatitio ol ttthtlt'ittil t'tt('rgy ill is(It ropic
F flattenling factor 11 r-batlet tee
k 'i(k, ) percent of t urbiulent enlergy 11L associated witb Z., 9~ ! ).-VX

f,,(4-1 ) tutrbulent culergy- 17' associated Witlh k-, kiii (I wee, 5)tti' -t't' lyt 6)I~~t -(078

uk trhulen t shear strtess 77 associated with 4k

f,4( 1) turbulent, energy r2 associated with k, X loltgitudtlaltit tttit'r(si'tlc
kr''dmesoa wave number j~Vsoi

A~, x~eS'7'' 4 p dcttsitv o(f lair

Ito frequeitcv T,, slivarlitt- srestls all Nvit I
/,(i) probabilit * dejisitY of it x nbsltlttte ('(listitllt
Pil It proliatbilitY (elesitY o u/1 .t-('omttl)letit (If votivtYlt

1) itleatI stilt ic p rtsslire, PROCEIDURE AND) RESULTS

t) ieatil staitic pressure it J- 10..5 feet FPI~IERINENTAI. AR(AN(;EMPNT
i list 11it1iileotll5 Jpesstite flucetuationi I h ~'sttit(s gl otWts(ttltte ttn i it

qý referencve dylnamic. pressure.1 11lteat of phlae 1tet f tttIt(4tt1l(4 foh itlItii Slwiii
/11 lon gi t hit itil spitce correl ationt coeflhc le tIof figurtte 1. 'The( Imttbutletiev level oIf' the Imindte wals 0.02 pt't-

11futit lit i l

- itttl s e tt rlld. iThe to e elt ( eci tttf I 11-uv lc it' tutt tn'll. 41111

S s vwn ý,., act r l'lt scrvlt('tI le ofitrt ilittl d v t hiitke c itig of t. tI'lthei t hiotl-ldll
I, tileitt ~ehn'itv itt fre' sI rI'atI ItitI aivn lti'r eveloped itt neferette flait, itnluit'tl Itet'itotler1

X1 4. (I' i vtttt i lt of(tt I tr tle rtt v 'lo t'ity 1-tt t2~' tfeetiz t' th itt \i v wille of inc t hI i ck'l \\ttalt li t ;a .Niutatunehv
ttt f, !/, tutth -dir'u'tiItts t't511tt'tWilll t oin' tu ed scaldl es Ifnnttt ittl. phllttt' Ititt iitt Ih l t e rld withi,

U./. 4T11 'ttslltt tlte I .tttdt 111tti takl the leste tin'tfcqt'utvv tfeflu.tiseo lte qmipl'n

PI tThe FIctlt'tt (of'iit stesittdltot tig letificahhs ttttitkllt'5 ottt tiltflrdilt' howitlto

1i/-t'Oti~tlttieottt of blviei t v vltl cit Iv Ilc 111 high sp', I th e tltvl ifil t'ttittf wa s h tic otieved by. tInver. ttg t he

oil~(: ( ial-t fill fitst 2a e fee, ,walora d tiollt-1111' Itiiiit ip rfeIllv vsptttd rt ofttts theoqipltist ittg (I

by' 6v J 11(t I" 4It, -Sloping ceifing
of d./~ 2 Lipper ret,.wn duct Dvetc on &~

c)2( ox ),+(I)2 ox~ )+ 20 * Test section - c \,rSI~ 25

disttittet' Inlottg siurfticu' fromn leudittg ('tlgt' of phtll,12'
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tion. 'The free-stream speed( was .50 feet per se'cond~. Thet I ance J, inchi friolthtIle slirfaica. Tlii ifllijact 1ii le wats flat -

elaborate tests lescribed inl reference S sh owedi that the( telied at thIn*ell (it to for atiat rect'anguiar i itiat petiii iig 0 .01 4 it tel
bouindary layer was the fully dlevelopedi, smoothl-wall type, widle and,( toget her with ita static tithe simailart to thlat tistal
having an apparent development length of 14.2 feet of smnoothI foi- tlie( prtessttt'e (l ist ribtit itait, wa-Is tiseil to) tiia'asitt 1the In1caitl-
sutrface. The corresponding length Rey nolds number based l veloe it v aist 111)111 ot Velac it .v ls ri It ibtl it sl.. wa'te 211sit

onl valuies of z meastured from the virtual origin was 4.2 X H)". mieasurled ait 10 itielies abhove andl helow Ow lie tel tat line.
Ini ordler to obtain a 'ond~lit ion of zero pr'e~ssure gradjetit Thliese a gr'eeda well with fill t (lis t ribi~i at litii t tllt c(1tel t' lit a'

alotig the plate, thet passage baetweena thle tuiellv Wall and atlid thitus ctitlit-ined tilet. wo1d1t1tisitic ou il'tf Ilii thaw.
tt-paewas mae(fiin lY ivergent to Offset the nil- INot vorctiat'tmi wats matde fill' tflit' Oeclaat tof t i'in-idla'ta' tail tlit

ttatal fall inl pressure dlte to boundar 'y-layi er growth. This mieastirlea valtue, ntia fior thlit va'vllttiva' ga'tainaa't it'aaat r Ili
was accomplishedl bY a flexible side wvall which couldd be inliptact tithe.
jpositiotiedl li screws thireadedl into the ttunnel wall. TIe ( loste to the a'~til. 1K 0<, , 11.(5 ititli,111. I lit'.1 tita ho'lait %%wIs
final pressure dlist ribut ion is showti in figure 2. Fr'om 2 feel anleasirt'al wvithI a) hlt-wira'. Plalittittim wire' omottilt itithl it,
onl downstream the pressure is see'n to b)e ('otastata hte ainee til tita.tatal nl Itai a ttt t

atverage' with variations about 11 percentt of q0ý about the opl-tt'iti'd lt ltiw-t'leillat-aititt't' llaaiting, itl tirtdlar tat ttilititaizt
itteati. Thesae variations wer'e associatedl with the inaetetit thea ittfllita'ta'a of t it' wa-ill oil t it'. Iiwoi'atlast'titi'r, t

waviness of the surface and could not be removead bY the thet wirae. A cortrect Iitio wats inaila' ftil tI' llt't' tarvv (4 Ill' ithil-
adjustable' wall. lt'tta'a levetl ottl lit' Inva'sittalre hiatt-win' vnlitt''. 'l'lii'- Waýi~ llait'

INSTRITMlENT MOUNTING AND TRAVERSING httaiatlv'aind I lt'. tila'silt'al1 niltat ilicitli sttttitlt' t)I* IlII,'

'it'll Paaitiotlin~g auth movinag of aill ill(tistlitniet fronti p~oint v'oltiia- luillitItl ittils. 'I'lit it 'a 'l iviaaiiivetltatit\ \Nl
tat poinit was alwa* s dlone ita the mnalnt't' that btest sutiteda thie liiglia't'Ihaiti 1 i4. olast't'-t'tl. witl Ii iitttxittiiiiii1 tat itt' I iuii 40,
itistrulnient anal( (t(ta pulposa'. F~or examaple'. thie pressurea about t 1 ''0~ pnvlit. TIl' ml-%itat-vi vaili'., "vrvlt ill 1-idttt niglit-
alistrilatution alotng, thie plate' was altter'iaia'al hay' Ivatla'a.i of tiahit wit Ii t lit' laittat-sIitt ia-1I libv vailiits.

a tat it till)t- mountedtaa fromn at acarriaage thlit aoutdla e lit' n -av' 'Fli' tlait (last tillilt itaii is shimi it ill figrilit :;. 'l'lt i liisht't
antdt positiotieda lay t'a'nlota' toit i'ol. Sitc it'all tothear tvpvas of litia' delatiatiglit' ~t'hetlia'it giatalittil ;it lit-' \%Jill "at- tatltilal11it'a
11ia'alsttra'aietits waeha ataitla' alt the( 10.5-fotat staltioti. Il( \llt vtitaIts ft'tatill ilit' sliv'iul ant ffit' \%all atiald iil -at isfatctat aina'a'liia'airt
fla'asttt'uag pr'obeas wa'ra stupporteta ol ratodtas 'xta'tilditg t it'tttli~ withI thet tii'aisitt-i'i vllthlta",
it' platte to at tiict'oilet't't-sai'aw trtauversingz alavit'a toll tliv'TRt.~1tT'~lEA~I HAIGSRS

tallatsilt' sidle. IThis pro'avidead adeiala'aittt rigidlify atit iit'gli- ~ '~ laA lt 'liltl'i itli l'tiat naati
'.ri ~ ~ ~ ~ ~ ~ ~ h I)1-%r alt'piivl itt-4 ts a'i'fa'u't' t itt'ai iittlltrait ' i an 'n x ktta~i

ittllltlitii't toa ant fiatit th Ittacv Iniia distanc froil 1't' irt t4.tut

ti~af I %%tt'stmrta'iotale tv Iii'talaa' ai t prsl t' t'ttlhat itt'l s'lt Of itg 1l1l'aitli'tl %.tas tfitlat I -ft''tjiitia'e at0.000c a' tclt' tng'n at It'tl d iii 1t
lI ia'Iii lt 0 . 00 cca,. A i ia(IaO .11411ail er .r

O li s ma'tialtitc a' stand itse1) tlit' oiiasil 'the clibrt edts ta t clIt' o I athii ittl t a'a itart'iI i titt ria a'stx iila ai

thiatt a'uithld bit tiatilttt'a tta thea rodas werv'a vittllaaa'l()%v. Itl Jill T
c'atses tadeiraijata rigilitY tiand ft'edi'ana farmia ittta-'v'f'ta'n't' ratfi it' 1.0 - i .

MrASITREMENT OiF PRI.SHIRF ANDi MEAN VEOI'TY .8 .6

.Nic'kel tithing 11014 inch ill i altiit't'r' atnid t.0t03 itta'l itl wal
tlicia'kta's w.ats ttsa'a foat thea itlitatat andit stilltit'-lal't'sslti. l~lti'-. .6 A .

.02 UU
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down to the order of 2 to 4 microvolts. Compensation for gives '7,7 from whichi 771 inav be calculated by iniplo~vingp
the time lag of the wire was determined by thle square-wave the experimentallY determined factors of proportionaiaty~.
method and was accomplished by a resistance-capacitance Sh eut r hwii iue5.ince tIhe viscoo, shear-
network in the amplifier. Platinum and plat inutm-rhodium in tg stress reached only 2 jwierlit of t lie tot iiitat i lie point
(90 percent platinum and 10 percent rhodium) wires 0.0001 nearest the wall, the turllilewi slcariting st ress 7i- shiowis tile
inch in diameter and %4 millimeter long having a time constant. characteristics of tile total. It alipt-tiaclies the waill wit ii
of approximately 0.25 millisecond were generally used. Ili zero slope. as it must when tl(- pressurev gradient is zero 1111i
cases where the signal-to-noise level presented some difficult v, is inl excellent agreelniellt wit il til~e viluie at tile( wall vah'oiiial
0.00005-inch-diameter wire was usedi. This was wire drawni by tile mnethod of Squire aulid Youog, (ref. IS70
fly the Wollaston process and the method of attaching theSPCROFaZADW
wire was to etch away the silver and to soft-solder tile wire IP(TAO 1 1 Niu
to the supporting prongs. Fine sewing nieedlles were usedi as Thle Ineall-squll~lr valuies of tile ia. uIl it tll I111 mo l bea-i'vll f
the prongs for the ut-holder an(I fine jeweler's broaches were qutenlcies It andi IH (li were (litailledl bIN fvvdit ig tile siguilli
used as prongs for the X-wires. No wire-length correct ionsiq fromt thle compenlsate i'il amplitier. ilito at ( eueral Radio %%It%(
were appliedl to any' of the data. Thel( method of mneasuriniig analyzer hIavit g a reuew ratlige froml 1) t o 16,0i00 eps anal4
lie t urbulence intensities al", 1", andIII is" dStescribedi ill re'feri- it. fixedt biandt pass5. Tl ii' siial froiii flie a ital Yza'r wals flit-it

etice 1:3. Thie Wi. r', an rr( a (list ri hiit ionis are shown illi figure fed in to at thlerniocollp1)1 C ci r it fir- iii easui i ig tiil * lla 'I I-

4. The value of V' was ob~tainedl as c'lose to the wa'tll as, 0.004 sqijlar( 011 put. lIn readingtin' lilt, opuit. alverag'ýs "ere t ii kai
inch, but because of the comparatively, larger size of thlt for it period of I inillitite. Ti'll' incav s a ISI' lilt re v agt'. llsso
probes necessary for the measurement of I., anld r" it was ciat ed With Ow bi ot -wile signail jpitsed i 1) I'ylit 1)111141 %%is (lIt-
niot. possib~le to mneasure these (closer titan about 0.045 inlch. tiiitied bY ficeditux iil a kniown shieic-Wave iliil~it ait till' lioI-Ti1'

Tlhe extrapolated valutes of r' and1( ity' were (lit aitledi by coin- freqiel eCIiy toi give t hae 51114 lipltpit l 'va 41ii ig 'I'li 14' 4all-

paring tile boun(Iary-layer valuies withI those obtainedi ini a st-ulare voltage piei lillit frefuiiciey w~as intl 1111.1oai4'(41 I)\
pipe (ref. 5) oii a basis of V , against y*. GoodI lgreenivot dlividling bYfll, lit'a'fct I'l iiuiild wiaiiii i. 4 t'frt't't iV\4. im~iI!

eXisted within the metasured range andI coisequenmtlY the pill(, wiilti 11)141 a vailili of 5,36~ cps mill \%-it, dl1'iiielI as i lii'14
data which contained values correspondinig to dlistances closer tangla-ilr haidtt widlt Ii havi hg tIll' salnt' alra'a (is Ili .llcr
to the wall (because of thle lower Reynolds titiiinbert) were hisi'i 11)11141 a lVdit (1VIi-illtI'll 111111 .l1111W TiIli~ itl N'Silt 'i I f f 'aili t' I'll

ats at basis for extrapolation. figures I; ata 7 aire riorinidlizcli mid~
Tilie measurement of j77 was inade l)iv t lie vt'i ivetimioai

X-wire method detscribedl iii reference I1:. U'se was miad~e oif F,(-)/
tlie experimental tdata for the a iogle response' fluild bYv
Newman and Lealrv (ref. 14), namnely, (cos B)'- " rat her d iai rIl flat, waive 114' e ýkgi lb
thre customary (cos 0)i1" where 0 is till angle iit'tweeii tile ltiia' 1 i iait'

vetlocit v vec-tor and the normnal to t ie wire. The signals to A. i
be dealt with are' e, and( e., prodhucedil. ll( Ithe- and ,'-ctiiu-
ponetits, respectively. III principle. oilt' wire tif lilt X-wireý Ovter Illost (If t n ~lta il t'-11w 11'4ie %IIs (all till' oartier ofl

probe coiitrib~itls thle output (V'rý 2) ata tl title' c'oil- Ill pit'tl'a' i. Ti1' le 4l'ltV "il'ilol tss Ilithela I\%o

tribut Cs (tl- t 2 ). Thle diff'erence' be(tween'i tliese tw~o outal 1)15-____

~~ - -~~ 005 --

, 88 00 t 64

06 i 4 1. r b i e tif Il lit i e406 t finý, t'e i ,~.4, I-.a 44 ' a'l ;u



CHARACTERISTICS OF TURBULENCE IN A BOUNDARY LAYER WITH ZERO PRESSURE GRADIENT
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FII I4l.i i O - (10 , Co i.eirio (if meai l.•ured P spe*v(irune lit h thiat calculat(ed from 14ia specwtrumt using isotropic relatioun y 6 (0.5-.

vaineed withi the, hevJ ef the gatmv 11Itield inel front I tiilte At mnost of tlhe p0osition., the( (list ributions closed if) ralne.r
all the, 2iO-l)i'rli I ti ion tot ; I()ii 0 h t. all t he t tilge wI iic the '1 dw w ll 111d pern itted Owi h' ihculait with reaso iable act- rnr1c y

SIsle. wer, shiart iel hinfreq , Ilof tle skew i•.s and hlat ienint factors. \\hi re
"h114. miepoii t wit, delliled •s the p .4ih itn 1 h6 i 'lic tilt 1 ,t

ii 6'ee'igi n Sillil %,I 'A1 7.e'lr) etr i sobhliti ed fr ont file first 1i vlllI I el'( U) f/1

ef 1he problihiyit d.ist'ilmlion, which by definitioli is

; I T . m l (P OI ) dI a 0 a n dU i . , / (' - :

"nr f. di.trilkition.s of the' pjrbi ility dehe ily fit vli-'ils-I l i

Imsitions acrfrm the, Imtmidry I.vi-r are, showun in figunre I
nmd are, expr,•eid in vahle, of m relathive, to ,i'. so that[..",(u) diA] (,);

L" u) At ' t6 0.m- aned 1.0 tie linihs of the eurve.s were uncer-
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tain, and no attempt was made to calculate the higher It is seen from figure 11 that froniy/6= 1.4 it) (tie waill tile
moments at these positions. The flattening factor was also usual safety factor of three times the( root -nivaii-squa re Value
measured directly. Since this involves thle miondimensional for determining the operating point of the( equipineilt is quiite
ratio of the same voltage signal, that is, satisfactory. Ini tile outer region of tilt(,l hvvr, tit y/ 6- (I.S.

this factor is exceeded in tile direction of negative Valilies of ai.

e4 U4Here measurements were taken at varY ilg gallj-coiltrhl
(e )2 settings to make sure thlat tile equipmnent wasl 1101

it was not necessary to calibrate tit*e hot-wire, but the cor- ovrodn. MEASUREMENT OF DERIVATIVES

rection for thle difference in gain involved in the processing Thle usefulness of tile concept of local isotroj) * lies ill Ill'.
of the dlivided signals had to be dietermined by calibrating hope that the rate of turbulent-energy dissip~ationl ill shlear
withl a known sine-wave input. The, fourth power was flow can be given in terms of the dlissipattionl expression for
measured by feeding the signal from the compensated ampli- isotropic turbulence. This woUltl simpljify tihe 'xjwrinil('aill

tier into anl instantaneous squaring circuit, which consisted procedure b~y requirinlg on~ly tile mneasuremlent (of tin', lileall-
of at series of diodes properly biased to give the square of the square derivative of tile ti-fluctuation with respect( to x..
input (ref. 12), and then squaring again wvith a thermocouple. A fuller discussion as to thle adiaptaibilitY oIf tile ConcepT oIf
The (list ribution of flatteniing factors across the ibolndiarY local isotropy is given in the sect~ion enltitledl 'Fil('g.
layer measured in this mainer is given in figure 12. Balance,'' but. it may bc stated that tile use (If tile (, lsojlrod'4

.7relation in determinlung t iie(I dissipaUtiln is is II 1(1 quil(.1

especially ill tile region ileal' tile wall. It thus11 lwol'lies

.62 necessary to nmeasure all of tilie following nineil lIllls li
derivatives appearinlg ill the d issipailt oil terillo (Ifthe uiirhmlence

V0 0.001 enlergy equation
.5 E .05

0 0.20
A 40 b u 01 L

.4-~~~~~ .80I Zx a+(6 46 +

Pt% a- 1.00

V01

2.- V~Ill thle present inv'estigationl. Ilevause of till' iral-' ~lcaI
JV limitations of llOt-xvil'( teecilirt~les; it waIs pIossible to Inllel-i c

V onlyV the( first five of tile above' ternis. 'I'lle first I ili'('( %%c'Ii
01 za evaluated by taking tile tittle tlei'iVajt iv' (If tljn' sigiial 1h%

-5 -4 -3 -2 I 0 I 23 neans of a i'esistanece-capaceitatice nletworlk and1( (lit liiiii~g t ii.
U i ~~~meani-sqtuarle Value with a tileri'ocouple~( aind nil(ier. liT'e

Fii;uRt. 11. -D~istributions of probability density. practical use of a (differentiatinlg ('irc(uit iinvolvsit( 11 '(inprI'(iiise

between attenialtion antd the e'xtenlt of liiiear r'espoinse withI
20 ~ frequency. Ini thvpresent measure'menlts tlil diifferilel ialtloll

was lilenir toI 10,000 eps andt wats down 12 perceei front

I ~~linearity at 16t,000) cps. Th'lis wvas conlsider'ed adequaite foi-
16 _______---the frequencies under investigation since( 1o signlificlunt c'lil ile

in thle measured values wvas ob~tainled ily Vary ing tile'(il-i

0 ~~filters in tile amplifier. 'hI'l(, time dlerivative was conIiveritedi
________________________________________to thle space (lei-ivat ive by alssuimilg t iii' alI('uracy of Ihe

space-time transformuationl

e ~ ___0 011)2= Ott)

Tile remnainiing twvo terms were obtainell 1) 'y niea'..:*'iig till'

0 * { 0 - corirelat~ion coefficients It. aind R?, for a1 smuall (listal~lil of ,y

r,00 0 0 0 I and .- andi usiing tile relationls givein bY 'taylor (iref. 17)

0 .2 A .6 .8 1.0 Q. U (01., (y± + _ _7 ~) ,

FialusE 12.--lDistrtbution of flattening factor, anti
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1? ) - (Z Z 5 _ I, . (k,) cos (k,j;'ý 4k.,
' '(zU', (z±+_ zp) 27' 6Jz

'l'l( lat ter gives tite spa tia correlatioti ( front it l ime eirrelfl-

The correlation coefficients were measuredl I~v the methiod lat( from u ilg h spaectru s11 reflket I)n%- iirsal'X cl-
described in reference 18 for varying disatances. of Y, and :P e rmtesetrmi eie i
ranging from 0.004 to 0.04 inch.

The distributions of the( various derivatives across the k)IS
boundary layer are given Iin figures 1:3 and 14.X, 2

Ani attempt to assess the validity of thle space-tinme trains- It is seen thkat forl values of j-' less lhan 01.2 inchi flte I" ani.
formation was made at y/5ý0.05. In figure 15, the fongi- in good agreement. 'I'lleY Yield t lle salille tiiicrosistlg.. Id1114.1li
tudinal correlation coefficient. U, obtained by% measuring, flit'' pace- timfie taltlitfoirlnikili)II is apparu'ut111 %tlv'lifi fo- the iill
correlation between values of u at tile sanme instantl for Scale motions responsible for flt-l (lis5iptltftoi. For large
varying distances in the .r-direction is compared with that ,,aluces of xP till two b~eginl to dIiverge aind i lie I)Itev-I illu1
calculatedl from the spectrum using the. Fourier transfoinm relation becomnes progressively worse for f lie- large-r svttlc

200 ______ _____________________ motions. At .r' ý(.4 jiteli tihe maljor conftrifiitiol jolt titlle

' -u ~correlation voines fromt I hitst waive iiitiiiher!s belowI 143 pter
it A, centimeter. It seemis tItierefore 111 Itht e lide a ltleia of the

2U~~ space-time tratisforiat ioni depend, oit wave miiuiler hu1 4
W 0P6C gives rise to I lie interest in g specutlation a thil e IIIa r11ge-s-1111il

2 mot ions have t liei r own (.1111 raweristli iv vtloc~ ile, dil It-1-1 ii
0 ~~~from flthe meati speed. Still closer fto Ili wall. tI iv spalce-I i1114

12 -- ssumplJt iona does I tot bicoint4 atset iolls tbfl ta]e lolt (4 altt the

40-

0 0

00 01 Ct 03 D4 0O5 in0 Masue
8 0~ Calculated fromy S~etrum

I* -i"VRE 1:3. -D~istribuation oif dimitpation derivatives near watl.R,.t
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tion of tile dlissipatioii sinice tile magnitude is given miainly by T'11w first measurements of tlit( inite*rmittenti'v fac-tor* -Y wei
derivatives inl the y- 511(1 z-direetions. those ob~tainled i) T ownsendi (ref. :), where -f is taken as tilt-

Although no wire-length corrections were applied to any of ratio of the flattening factor (of 11 or an/ah ill tilt whiolk
Ihe data, it should be mentioned that an estimate of tile turbulent region to that in the( initermiittenit regilil. Fronm

corrctio wa mad forbu at !6=0005by te mehod figu~re 12,. it is seen that the( flattening factors inl tilt, regioii

corecio ws a~e orIy) atY 6 0 0 5 b h ehd near the wall y16<0.4 are quite conistanit with at value cor-
givenl in reference 19. It wvas approximately * v1 percent Mid( responding closely to thle Gaussian value of 3~.0. 11 , coil-
con1sequently wire-length corrections may he c'onsideredl sidering tile intermittency a, anl onl-off pI'oeesstil vale
negligible across most of thle boundary layer. 'y is given by

DISCUSSION -=.

INTERMITTENCY 2  
( )

In shear flows that have a free lboundary, it has beeni re- Tlhe intermittencies calculated inl this mlannler toge-ther. withl

jpeatedly observed that as thle free stream is approached the those calculatedl fromt the oscilloscope recordls of the( u-flue-
turbl~uence becoflnes intermittent, that. is, that for only a luation andl the vorticity tire givenl inl figure 18. Vaies of

fraction -t of the time is the flow turbulent. This on-and-off y obtained from the flat telling factor are consistecnt withI
character of thle turbulence has b~eeni (lefinitely established as, those obtainled fromt tile film only til) to y.'b=- 0.9. As seeti
being a mnanifestat ion of the irregular outline of the( b~oundahry inl figure 12, the flat tenling factors reach at nlaxinitilit(a[m thenum
laver as it moves (lowilstream. The ititermitteniey is easily I begin to dlecrease. TIhis is not too surp)risinig bevalise for

obere 1 v sileope rec'ords of tile ?1-fltctltation in tile Ilow values of -y the turbullence of tlie( free stream would bv
otiter region of the( boundlary layer, and~ the( recordls c-all e expected to make itself felt. ''wrsl spouiivaWih
used to give a quanltitative estimate of tilie factor -f andl to ing of the probabilityv density for tile I 1-urhuleice of tit( tr-ee
discern some1 qualitative aspects of thle flow. Representitlt ive st ream with t hat withinl tlie( bounidary. whiich depend~s oil
'e4'tiiott5 of oscilloscope records taken ait various posit ions thle relative t rmlec eel ti tledereo htenitte Y.
aicross the boundar-y layer are given tin Cgure M I. It. is seeli Tihe curve ili figure I8. wvliich closely represents tl( 1w variat1ion

1that inl ilie o liter regrion of tlie( layer y 6>10.4 the re are. intitel of -Y with Y/5, is at Gau-lssianl integrali curlve givenl bv
val., of t ime whleu t lie flow is not t urlbulemit and thait this timne
illcreftses wvith increasing distance fronm tilie wall. Th'lus, tilie y I-ef
(outer reginte it, divided inito at turbulent part and it relatively yer

imomtuirbuleiit free-stream p~art , and( tite hot-wire at a tlivefl [ where
position responds to alternate tutrbutlent anid iolit urbulent t
tiows as t lie pat terni is swept downst real!) . A vorticity mneter N -I) (~~.x

re~f. 20) which resplonds to t he vorticity t hat exists only inl andl
tie( t urbuilent region anmd suippresses thle low-frequencyI G -

fliwit at ion was used to obitaini a sharper (division betweenl tit 1(1 =52
turblmlemt and14 lioltulrbullent regions. Tlypical samples of thle
vorticitv 1.race w. at different positions acros.s the boundary The standard dleviationi c is
layer are shown ill figure 17. a=0.146

I Measuretrents hy 4 ormin mroi K siir 4ref. 21) show that the intertuitternt rerzion% in
ilouncdiry layer tm-rr rh(migh woHl has rhe, sime r-errl behavior. Stich at (list rilbtt ion intdicates thant the itistanttmvtaois, p4151-

t ionl of the 44 ge of thle bouindlary Ityer lilits a1 ra 1141011 clia-irc t er

Sk5

.1.

Fiuuer. 10. -Tuormilenevel~ociety u in bounitdary layer. Vi, 50 feet Floumu I7.--Tllrbuluelce vetocity wit ill Wluldary layer. Cl, 50 feelt
per %ueond; timing dots, 630 pe~r ieoud. tper oeoiid; timning dots, 610 ter seeond.
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with a mean position at y/5=0.78. 'I'le e'dge rarely extend~s p~attern is movtilag With nearly. tit(e free-s(I-rena 5s)ceec of -)(I
outside the region y/6=0.4 to 1.2. While tile position of feet per seconad, a roughI estimatte of the average WV'leiagtI 1
the edge fluctuates over a large fraction of 8, the mean veloc- for the( irregular outlinte of the iooundlcrv Ileaer would app'eala
itv is near that of the free stream, being downc by ait most to be approximately 26 oi- 14a.
about 15 percent.. The effect of the iiltermit te ei Noil tite j)I'dlfllilit V dcicsif

Several interesting- features call Ie gleanedl fromt careful is clearly seen~ front figure 11. In1 the olninit email tc'aaa
studty of tile oscilloscope records. Although it mnay be (liff- iegiona thle (list ributitions are very icearlV Gacussiana and tit(,
cult to see from the short sections given in figure 16, it was~ values of skewness andl flat telling factor calcuilated front tIb'
noticed that in the strotngly intermittent region, foi- example mneasuired probatbilit ies are given inl thie following talell:
at y/6=0.8, the trace had somewhat of a square-wave appear-
anice. Increasing velocities are in the direction of the timinlg V

signal. The nonturbulent regions seem to be at a constanat
level correspondting to that of tihe free stream, while till it" 2' -.ic

tuarbulenit regions are( seeni to ibe (centeredl about somec lower .4 3~, 1 b

level. The( difference between the velocity of the outside
poteantial flow and[ that, existinag in the turbulent re-ioaa 'ailculaitionls of ice- haighier nclonleaa s of tlie aclcalil
seemedl to depend onl how far past the mneasurinlg posit ioaa dleisit 's fromi thel (list Irihut ioias tend( o1)'ilcccateicc
the instantaneous edge of the layer extended at the pairticuilalr of their emphasis oil tile, higher value., of ui. Icwv.tha
instant. At y~/5= 1.0 aai(I 1.2 there is very little evidlence of value~s of flat teating fact or lagrc'e fcaialy 1well wit Ia t il( directhi
the shaift becauase the( edge (loes rnot extenad~ to aaly great dhis.. neastarec vealues. Valuees of skeýwness sihouald he t aken %%-iala,
lance beyvond thaese positions. There is then at step as well sonic res('rvatit lll becinse tia(' lire ext renteiv scaisit ive tC tille

as the oat-off proce'ss whcich was assum~edl an tile calculatijon accdura'cly of the( minipoilt. .Also ill tiae- r('(ioaa ea l tl Ila(, "-taill
of -y from the flat tencing factor. The agre'emenat with the where t uribuil'nt fi1etla't ctiills are' large' t ia(' ll(Cllilleal. a rspdllas(

vailues ob~taine(d( from thet film is hprobablY (life to the( lack of Iof tile' iaot -wir(' fe(nads to skew t he signal. At y 6- t).s liite
senisitivity' of the flattening factor to this shift. H-owever. problabilit (lensit y is v(ery stroaagly aaevat i vcl skc'wc' ed
the skewacess factor cala be exhected tolebe ral'vsciie icauise' of tite lowt ve'lo(cit ies withla thela t ilehialtel regriolls.

A sketch of th ia'lolaadarv Intver is given in figuire 19. lThe At thae saime timie t ic(' large pa'rc' at of tuine' flant I hae flace tiar-
laotaitaharv bet weeni the t uhuleactl(It flow" aaad thI('fr('e st reallcc is buleact I egiolas exst eta('ta' nlatiac olelilla('iIe

fluite si' haa'. tandl thle pr-operties of the shear- layer are cr- thle positive side of thIe uial poiaat . Thi'e dlist aibluiitioial cy 6- 8 I.0
pea at i v'l d (ist inlct from those i atithe faree st ream. T[hie hats it fill t t eaIii Icg i l If iatii it ait i ye aclgr'(ileil cI wit 1a 1ti I a 'rca all of Ii a v
boucadalrv Ilayer travels downstream wvith alt out line ('oaa- filat t('lilig factor ito reachc'at It iatxianici aaild t 14ee1 to ieic'l'eltc.

stcalltIv(ltd hangi ~g iiic tcl i rregular na' ainier, tillt([ thle initearmi t- Il'i( (listrlibu ctiton s of s kewa less shcow file' siaalt ge leaa catiric'd.c
I 'li(' *V is ('ha8 tact ecizi'd bYv a large-sc'al c'di ffuasioi a pr'oce'ss . Tell' tutxi anti Ill (Cf thle icro ab i hit (list ti he at ioec m fo -'V I (1. is
ia rrv inag wvithi it smaicll-scale' t irbici I('it amot ions. F'ront it li dIisplated IsI ighit tl. to th laceI ft of a1ý, -. tancd at is a a acr'a' tila
fil Ianeaken at it y168= 0.8S it wats cilso ntot iced ticn ath cc 111'ereage w he(t haer tIa is is expei C(ien aal(' tl or it ('01 csq lie lee to('(f tice wecighi I g
frequelc Y 'aov(f t he occurrena ce oCf per'aiods of a ao Ili l ccI~ii'-( 'a Mrc fl'cct J)re(viotisly\ Ine litioa aed ii a coataac'ct ioa a with Ia la c flat tt c'Iliacý_
scent e to he Ia' ppr-oxinc ait-cly 1 00 pe'r si''eicnd, ancd, si nec' Ill,, fact or.

By liss~uIll illg f tlnt 1 Ii' frec'-stireat in c'gacCills ccCtr ibuea lit1tic.
a 2 --- ~~~~ to tic(' metistiredi lealt'al-tutii'elcac' lve il (111it U's. aaal cahlcwealtec

~~ F , ~ Iiltccv 1w( nca1da' for. thte e'ffcat (Cf iaatc'riciit tellc'V bi CVcividiitlg h\.

1.0 JO fill:__ ot faictor. ^). Thea (list ribleta io.ics oef f irlbicclec ealer-gy andac

0C .4 .- shaIIns i-de y' r l-l ill ltiinir(' 20). Tiae cli'-
a Voritcity fi~lm! ilatol e ai'iuetinit e'lc'rgry withaia th bounde ieiili'l hc" is4 ____o of tilll

.8 j--~--~-- st rikaingly sincihaur to tflint foi-c'hlanncel aitd pipe' flow irefs. 4
lalild 5) cts is thae (list ribleta iceac of turaii'eleiat siac'aa st ress \%Itic'ia

______ ______ _____________is etpproxiiitattl cly hial('ii fr-om Y '6=0.1 tce Y'6- 1.0..
- y~~t-rt~~)Iai t a'ran itt ('11evl is, eI ofCl i'usc' labsentit froati fail.\ i lv c c'ope

.4 ~.boo~ndlry between IOat.;

Thickness, 8 ,, and tree stream

2 0. 0788) 'r

0 .2 A .6 .8 0 4

S Wall
IFinvitt I8.-Dicetrileatioac of ialaeriaaittec'n factolr. (Fcc .vit IM. Kk'etch iif I oundary layer.
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turbulent flow in pipes and( chantinels because there is no free note is that inilthe iraiige of Y/6= 0.! to Y.'6= .8 ~lie ratio of
Stream. It is well-known that thle mean velocity for pipe shear stress to turbulent energy is approximately 'onistanti

and1( channel dones not dleviate, as much from the logarithmlic US is also evidenced by the eonstaiicv of the shear c-orrela-
distribution as dones that of the boundary* layer, and a major lion coefficient iii figure 5. T[his would tend to indicate.
factor in this discrepancy is the intermittency. T1'le in- sonme degree of "KAirmiin sinilarity" existing in tlhe range
fluenee of thle intermittency on the mean velocity distribu- where the dlistribultion deviate-, from (lt-e logarithmic law.
tion is dhifficult to ascertain, being in the nature of a com- In addition, K~rmlin smart'yrequires t hat thle large-scale
plex time-averaging problem. Although something may l)C mlotionis responsible for the shear stress he free' from the e'f-
done inl a setnicinpirical fashion by introducing 'Y into tile fects of viscosity, Which, as, Will he Seen inl tile swet mu ol
mixing-length theories, it contrib;utes little to the bspili spectra, is mutchi more justified in thie region where the
uinderstanding of tile problem. InI figure 21 the measured logarithmic law% is not ohiev'ed t hull iii the region whiere it is
mean velocity is plotted in thle form suggested by thle veloc- olbeyed. Although any correction for the effect of initermiit-
it v-defect law, and it. is seen that the characteristic hoga- temicv is in tilie directioin of minimizing t his deviat ion it is

ritlimic law exists only in a limited range from about y/b= pointed out. that th lit'eaii-velocit *y dlist ribut ionis for pipe
0.01 to y/6=0.2 r)h[le direct visc'ous dissipation (fig. 22) is and chianinel also deviate in this region. It is difficult to
negligible ait yIb=t).() . T1his correspond~s to a v'alue of y*= attach'tll iiV particulai' significaince to the logam'it Fiinic law
27.6, which is in good agreement with thle usually obsei'ved which exists foi' so limited a range of thle houmidai'v ly ier.
value of :30 for pipe aind chlannel. .An interesting point to exc'ept thFat it. is a r'egion Where thle dir't'ct infi nelice of thle

wall miay still be priesenit. It is not apparent I Fiat at degriee
- -- -. 018 of v'alidity caii be assigned to it oil the b~asis of thle variouls1111111 .01 forms of thle mixing-length thieory. WimthI respect to thle

~~ + -l eanl velot'itv. tilie h~outlamllll- layNer eaii he dlivided' inito three
1302 r'egions, niamlelyN, a VISCOtiS m'egioml extend~inig to ii viilime of

Y* =30, all iiIeruiled iat e r'egion wh ere thle infIumenee oif ill e
o y .A 2Walli still exists, amid tll ot i'e region (I c in I'ii ' em'ized I II
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CIIARAc'IERISTICS OF TURBULENCE IN A BOUND)ARY LAYER WITH ZERO PRtESSU'RE UIRAI)IEN'IT

ENERGY BALANCE ('('It thev diffusion termls which tire treated l as olie atiiii (htttilleil
After tile usual boundary-laver approximationis are madde, by3 balaniniig ti( iequalit ion. Tlhie (list rihut jotis of tlie( various

thle equation expressing the energy balance for thle t urbulence energy tlermis are- given iii figures 23, 24, and 25 iii iiondininei-
at a given cross section in a two-dlimensional b~oulndary layer Sioiial for-11 using 6 arlid 1*. The t urbulenit shear. st ress inl
is given by thle region O<Y!8< 0.05 wafs obtaiiiedl l)*A subht ractinug ti ie

v'iscous shevar stress (calcuiliatIed fronit ilie mnleaii-vehitcit v
~~+~~P)+ I __U I + V- 2) gr-adient() front tile coiistaiit valuei of toitail sers es

6y2Pb givenlb tlie( slieiir lit t( Wiewlli. Thie secoind (lerivativye terlii
is iifljoItaiit oivill i the regioni lieiir thle NvalI. Its calciulat ion

1'- r'(~u~~it~') ois quite iUicertaiii and is given imainly to show its orderl of2 4 magnitutde. The finite jinterceept at tilie Willi is at coiise(1 enlce

Theresecivetems romlet t rghthav tt(-folowng of tile arbi trar ,v Ii ca r extra polatijon of tlie( turii hulen ce ii iicii-
Th ey rs pctli veterpr st fromn ett:ig t h v he f~ o vn sit * v to Zero. The dlissipait ion terin is the ilost (tithelullt o1(

leteyisical interpretation:aceoftt( rginlial Il
(1) Prodluction of tuirbulent energy front te it(-tna inotio walerl.i Th a' beenuse l of tlie ( c njonta cep of tlealego ii enrop tie
(2) rurbulent energy diffusion wl. Ii plcto ftleclcjto oa strjyi
(3) Pressure diffusion st rongly cond~it ioned b)*x tit(e local sitnilarit v of t lie eddies
(4 ) Convect ion of tuiirbulen t en ergy hY thet x-contpon eii of resp~oinsi ble for tilie d issipalitio ni tit( ve eri Ii iit io I of Wivhichi is

lie mean iiiotioii (l~epend~en t oil Ill diss' i 5pat ion d erivat ives ol av il iitlle iso)-

(5) Conv-ection of turbuleiit energy by% thle y-compone It of roiretio
tilie mnean miot ion .4

(6) D~issipat ion of turbulenit eniergy
As discussed by ('orrsin in reference 22 the( viscous termn .03

ill thle enlergy-balancle equation is not in at strict sense t lie02 - -

true dlissipat ion term. However, sincve for mlost of th lie

boundary laver except for thet regioni close to tilie wvall, as Wvell .01 -

as iii tlie; iii t egral across tilie bo l~liilY ry laer, it reflects thle
true( dSisspat ion, it is Ii rvi i re ferredI to ats tilie d issi patijon i0

Tl'ie conlvec tion of hi rul en t en iergy is ileg~ligible nevar the .0-+ r
witi I and is sign ifi citlit oil l v inl the outer region of tIle i aver .026 -- ----
where similaritvi onl tlie( sciile of 8 hias beenl experimlnei tally
ob)servedl. ('onsequen tld., by using tilie conttiniuity reliation .03- ---- - -

W) 04 01.2 300 .i0 0 405 .06 .07 .08 09 10 11

till,.~ i. 23.vrt ol t er m sic (,all lid t ra n sf o r m ed i nt o thigl t er mu .00 20 7 -TI
which fullyt he writte tiniI tlie( niiodilieiisionnl formi .0016

_[4 f Y/6 I: I ti+ ;-+w + 0012-001 Gi

Ls 2r J1  111/) ',(' ) C 2 / P

wh ere i,, is thle dhist anlce from tilhe vi rtual origini of tilie bon ii 008-00

iiry lat* er. Theii dIissipa~t ion term is not in at form thlit lenlds 0004 --

itself to nmeasuirement by hiot-wire llecliniqiles. flowvver, itii
Call be rewrit teii in thle following more suit able forin:

~2(~±±) ( 7~C,. )(~,+0004 -- Lou --~d2 77 +)(! P, + 772 W2s

(N)2+(&, 2(C)a7
2  

(11)2+(53,7J .0~i 0 -12 -- 30042- - i 2

1 3 5 ý6 7 9 9 0 1 2

All of the pertinent ternms in thle energy b~alance Cali bea
calculated from the measurements previously d1iscuss5ed vx- FlICtRP, 24. Pnitimd~ii and dismipatkuin hin nzOpn away frmat wall.
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(-,U)2 , 7k=)'2 I ,"V2=assumed ill ordier to (-lose- ill ft( lidissipfat ion c'irVe thail thle

-dx i x j-6(l issipat ion is equtal to fthe prodluct ion in ft he region O<! 6.
0.01, the disparity is 1s percent. Th'iis ('fill rep~resen't a sig-

From figures 13 an(I 14 it~ is seen that oniy in the outer nifi*a~nt difference in fthe point-to-point b~alance'4 as ntiiiifesi ed
region of the boundary layer, y/ 6 >0.7 , is this conlijtion satis- by the dliffuisionl term. Wheni thle dliffusion terin is companred
fled and that the derivatives become increasingly (divergent With that ohtalitnd 1) *'V'own1SPild (recf. 1W. ft(li sanse getierall

the allis aproche 'l' tems u' 77 an \~2 t rendl is ob~served although there is a conlsidlerablie ldifl'eielie
asi- (the wall isj~j i'ietrs y 5 ae ilmgiue. 'Ilie, nec('ssarY b4alance' tcannlot 1)4 at'hievet

rato u by fthe gaini in enlergy due to diffinsion ill :he - regioii !/ 6 -0.1;
equal across the layer, and at y/60.005 their rtoto (- unless it is extrapolated to anl111-aolal lonig ulist aie.

is 10 times that given b3 isotropy. This illustrates the very' Consequently~ thle coilchltiori is that1 file t il-irhiltit -eliief
small scale nature of the turhulent motions in the transverse dissipationl is greater thlani the p~rod1uction init a-- ver thlin
directions as, compared with the longitudinal in the region region next to fthe wall in order it)1 provide fti'(I dissipaion141
close to the wall. The inadequacy of local isotropy is st rik- needed. This mealis.. a diffusioin of c'iergy- Iowil-irl ibe %%-ill
ingly seen from the overall energy b)alance( obtained by inte- r'owiist-mrs values for ft(e kiitn-ulry-lfisoiterlil
grating fthe energy equation across ft( lib1ouindlary laver. The require af movement of kentit c eniergy awli friom the4 wall.
integrals of the diffusion terms andl the se('ondl-(erivativl' Therefore, if eniergy goe's towaird th %%-'fillI it miust he' 4114' to

term are each zero, and the total producition is balanced 1)* fthe action (of lpressiirt' forces ;)rl'ssilrl' tdirtlisioii. Thl.

the total dissipation phis tilie total convect ion. Using the hintes d'14'(issipat ive re~gioni for thle 11 iirlli1ilei'4 app 1)111 ,ii %i

alli cinc'idehs withI t he v iscou s l'egi4 li for11 th lj ii(till flo w. ThVi
isotropic relation 15V ys' for ft( li te o'l'(f dlissip~at ion of magnit tide of fthe diffuision termn illiist rates ft 14 we'a kness o

tirbulent i'n('rgy. fthe i'esult is olit of balance, withI the (lissi- ft(li inixing-IengthI theory whiiih'lifas the4'u ;1i4'ilit asliili4)t111p11l

pation being too low bY a factor of 2.1 . Hence, in ordier to that whatt ik 1o'aliY frodllit'et is hn'all , ylissiplatedI'
obtain an acedlrat4' ieasure of ft 114 dissipa tion1, it is 11ece4ssary li.hwo nryaantIli'4l(rvglM tl i i'

toIll feaslire all niln' (derivat ives. Since it was p~ossible toi S~irfpriSilig fiiid ('01lilt1- ra 0 Wh,~~itti iS 11lilii i Cl' VH-4'xll'( tt

inll'slire onlv the first five, the' remaininlg four were obtfaiellfI It doe1s not seemn pobssib~le hili suc'h at re'4liit ttsihlit'b imnisighi
il rrvasunitio ta (ervtil' itiirsfec. abou~t inco'(rrtct ly lyteivtsiialeasipio li

by 1111( - arb'i venar y a s mthe ison t r d ericveat i e wi h r sp c : regardiiig t host 'diss~ I p t ionl derivative's tilitit t' vo 1 illd no tbe
y id regve y h ioroi rltin i'asli redl Ne(itheilr doe1s it 5t't'll (''4e0nsi I it' fbal lilt'54

al -aj 2 0U derivatives ('til i- (list i'iuited its sit'ic if inaiiirit,*' as1 iii nkc( y )2 - t y _(Ohe produciitioni cI'pial 144 thie dissipatit on lit iill jM~llfit acr'o45

the hiaYlr. Hotwever,' it is feilt Ihat tilt' siliit lul 115Is tomph~l-

al a )ýý it ateti by the 11h4'hinill'ioni f iit'nleitteltivii anid it wotildt be4
~~z ~~z helpful to have it ftillt'i unidt'rstitiniig of tih' l'oll 111i1t it

plays.
T[his ('olsilierablly impfroved1 t le( total eiiergy b)alaince. As Th'e t'nergv iliiiililt't for thet nieal inot ioul is coiiveils'ii iiv

seenl from figure 23, thle dissipation c'alcu(lated( in this imanner e'xpre'sse'u ill tetrnis of thlit eniergy thiiekiiess 6, ýzu(flintha
was obtainedl'( as c'ilose to tile wall as !~/"a 0.005, find if it i.

.0004 1 - / y fy6 fi

- - - Similarity o(f thei'ne4all it'locit f Idiiahprits irt'atfiti,

/ -'it'll inite'graiii fitill e'xp~ressionl for 6, as it ('lustalit. If 6 is

.000 Of L- [ - I ~ rt2tp1 ~[ 1) ~i6

_ .1- gienl~ti (I )ta'staprtothlosokietI 'n'g

FIORK 5.---ifftt~ti ndroneetous cEqukton the %accuacso thet peasrtfte lossu Tifkie p utio neg
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of t urbulent energy a nd thle v'is'ous. dIissi pat ionI ar comare 401 )4i44 I t(li problemii of ShiearI i ' ti-i 4li4'4e. Ilb we*verii the exte4'i sj4 in

for tite region near Ille wall in figure 22. This emphasizes to shear flow is 4'011ipli~l'ated1) by t ie( 1)r4'54'(ii('4' of sli'll fsei ors
the( importance of the region unear the wall. lit fact, almost as product ion, diffusion, conlvect ion, and till- abec o4414''(f
40 percent of the loss in kinetic energy of thle motion iS. isotropy and hi4niogenei4'i Any conclusionj44s ats to till-1
d1irectly dlissipated )l vI vi5('osit ' viI) thle regionl 0<!/*<:0, an14 effects OIf the dilffisioiand 8 411i coveclion are. 4liffll lo d 1raw.
of the14 remainIin g 610 percent whic(h i's converte('d in to t urb'lu1lent It ma11 ybe l151is1)4'41 thats si ic' effectsI are' c'4l fi lid ii o the1
enlergy :30 perce nt is produiced in tie -same region. rthus, if very, low wave numbers which lie 441 ielsidi 14 ti('((liiiluibiio
IIhe C'onclusion drawn from the t urbulent-energy balance is range. In1 addition. fil con' 1v4ect io) in~ I , '-b cons1idl1ered
co(rrect, 85 percent of the total dissipat ion kviscous andl negligible across most5 of I lie lII V4'I. Auit at ellipt t4o 11554'S

IturhlulenIt) takes place ill y*<30. the( influence (of the production terlul in thle 4'4(IililblillillI

KNERGY AND SHEAR-STRESS SPECTRA rage of tin'- spectluill wais 11)4'livd 14'114'Iil (re'f. 231). 11.
C'onsidlering the( influnence (If t liei ii4'li vi4locit : y gra 41i (lit Ilth

It is possible to gaini Some further insight into shear flow concicsion is reached4'( that at ranige of V' will exist ini I Iii
1)y examiuning the Spectral (list ribut ions of t urhulent e'nergy wave-numII-ber. region Il whe're k", ' linuiallY exists whln'u there
and shear st ress. A significant adlvance' in dealing %iith tit(, is no gradieni1t.
energy spec4t rumn has been made in the (donmain of honno- Ani experiment al test oIf thleoret ical preic444t ionis is, rend14ered
g4'IIVOISfl 4 114 isotropic t urboulence (refs. 9 and 10). 'Il''l h*db h fc it41ktn'(l4- i-'lil411 e ni

basic conc1ep)t 1i11(erlvilig t his ad vainc(e is tha11t ene4rgy eniter's call be ni1elastired. In is(Itro4pic 4' I-iivil l 'i(( this is iS t 1141o14

till liect)'4rumn thlrouigh the large eddl~ies 4114 is t henl trans-i5 restrlict ive at factor becaulse the4 t ransformat Iion fronti thef
ferredh t hrouughi the Sp~ect rum to t11(' smnaller eddl(ies where it three-dhimensionlal speco ml funci4t ion Suichitas a ppe'ars ill
is finlally dissipated. If thle lower waIve nuimbers ar-(, exclulded equait ion (3) to t ile 0114-(1i114lieionli 5pe'4t Oil fuiulit 14)1I S~
there e'xists at range ill which thle eddies are ill 11 State of knowni (ref. I1) In ),tShear f'lo4w 1his re'lat ion is iiolt knon ll.
(4'4(ilil)Iillni. gove'rned' by the rate at which t hey tr1ansfe'r an11d one has to be4 'onitenIt wit h tite quualitat ive inferenice that1
11141d dissipaite' energy. When the Reynolds numbler is high ill Some uinknowni manner thle oni4-4hinlel)sional Spectrum k,~iii
en4)ligh). inertial forces will predominate in the( lower wave still an, inltegral effect of ti( 11' lree-d imnensionail. I espi 14' 114.
uiumbs'rs 4)f this e'quiliblriumrn)141ge', and( it relatively ' vpure aforemenio3(ne c 01'1(omli)Jcat Iions thle Iln'asllOd Spectra ar i''
trainsfer re'gion wiill exist. Bu ' ylimen1sionalI reasoning it call inlte'rest, 4111( Se'veral in~te(resting features4' (-tll he4 nioted.
be shown that th s14 pe'4t rumt will var 'y its V-111 in t his ran .ge. 'rh4, sped iii oh 1-7t it var'ious o'ross-sect io)Iil posit 1)1 ion rn.
I leisenberg (ref. I I) extended'( this. 4on('('lt by assumning given in figures 6i and1 7. 'Il'he t rend,( ill goinig to4waird1 the4
that1 t114' t ransfe'r oIf energy lit waive4 number Ak was caus1ied Sur'face', is for the higher wav~e n1umbe)rs to have at grea)it e'r
FlY it Iurbidl4nc4' friction produc'ed by~ e'11ii's, withi wave~ Percen'ltage of thle t urbil4'nt ener'gv. This is ini accordl'4 withi
numilber grea)te'r than A'. 114' r('hre'54'lt ('I tithe energy balance' t114' t rend of the( shear-st ress sp'ct ra (fig. S) also to4 extvl I('14 4
inii te equilibriumn ranige for ioniogeneouis aind isot ropic' higher and hiighe'r wave' numnbe'rs it, the( wall is approachend.
ti ll-blence11'4 ats It is note ('that nearly a tll of (the turiil~u4let ene14rgy lies withinl

1 ~~t it(, St r(ss-prodhu(ing r'ange. The4 Ape4't 11111)(If shear sIi'4'ss lit
( ~ ~ P'(A"' t~k 2(Ak'):E(k') k' (2) !,//6 0.2 showsa linei14rease4'over t 11) lity 6=5~0.1)5 ill 1114' lo)wer

kYi"4 0nwve 1lnbers. This mna% be ilidica Iii'( of the i11f1I4'en4' of

The Second~i~ t4'l'l) withiin tit4' brackets, represents a t urbuilent tile wall becomnulg niegligible lit yb '- 0.2. For' y 6>1--.2 thle

411141it an 1i l absolute ontat The solut ion of (14'4reas.54 in shear stes1aros 'h boundar *y ht v4'rtaeplc

t his equiation give's thie spect run, in the( following form for 114t'it( enire sp~ectrail ranlge. All o)f the ener'lgy Spectrao

8e . 2/3 k4-/3ind(ic'ate' t1il' 4Xi.t('llce 4)f a1 r~'gioli varYing as J.,-7 atit 114' high-
E.(k)=(~ k A-51' I (+ number end1, but because of the14 le'sser )i4'4iraeu (f t he niells-

GO \s/ Q)Irem('lnts in t his rainge' 14) dhirec4t comlparison ha'ls beeui Iimi~le.

where k,. is a wave nulmbe'r inl the( initernmediate' ralig4 givenl by In (114' out~er re(gion (of (i14' latyer it t y/ 5- 0.-58 114 and R titere- is

k,ýcx~lii 1/(' xtenisive' re'gionl where t114' spectrunm of ill' varies as, A-,'1 :
A' (.P~~c) ('or'respondin~g to th1e4 inetrt ial subralng4. The 4'hI4'4t (if inte~r-

muitt4'n4y ill this region is dlifficullt to as('eltaili e'xcep't to say
For low wave nu1mb)ers E(A') varies as k-'13, an(1 for thle high)- that it may l ve conifined to the low-wiave-number en11d of the14
wau'e-nhinIIer ('114 where viscous forces pred(ominiate, as k--,. spectrum. Also the( maximum in the Spectrumn tit y/ 5-- 1.0) is

Although equation (2) involves a11 assumed mec'hanisnm apparently at C'onsequenc4e of iit'rlinit teni4' v. The're is- at
that, may not entirely represent the facts, it seems to be a gradu~al transition inll he s1hap)4 of the4 spec'trumii fromt /65-v 0.58
reasonably good approximation. Where the' Reynoldls to y!6=0.0 5) whe(re' there is a wave-nutilber ranige with the
number is sufficiently high, there is evidlenc'e of a kA'1~ range' slope A-,-' as p~red(icted( by To'Iien. Th'le sniall-scale ilst lure of
anol a transition to higher negative powers approaching -7 the turbulence near the wuall is shown by theo specetrunli of 777
as k increases. There is Some (doubt as to whether -7 is at yl!S=0.0011 . The( (lilt in the spectrum ait the low-wave-
the correct value in the limit. The concept emlbodiedl ill nuimnber e'nd as indic4atedl by* the d1ash)ed curive maiy he' due1 to
equjlation (2) provides a rational basis for an approach to experimental e'rror. However, it was repealable atil atten-
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tilil is dlrawni to it becaut~se it ma % be iti resullt of some elillarac- whfich,5 j'rietl v spl('lkiflg. is validl old o thit ralige of local;t
it-i'ti1' j)Il'niflellofl assiieiaitei with t he' Inu1iiiai' stibhht : Nv'. isot rop.%. I t is seen I halt tih' ivi'usiirdi-'il Spet ru aigree wit i,

El'Aipiricall. tile, isotropic reilationl for the diissiptttioil Is II the calcuilated IIt the( Iiighlei' Nvavv liln bers. Thil. Is CON-
fair agreemient Wilit that given inl figure 24 from y/ V'0.0)5 to sistell %ith) tlie( rungi'v of localh isiitl'op v indliiati'ih by thill
1 .0. By ' vssuminIifg thaiit. the seon momen11 ~i~li'lts 5 f titi' spectraI spect ral of shevar, Illul Ohe I llyeellc e lie twee i t he o ve'rail I!
(rig. 26) are it fair represent tition of thle total dissiplitoll, it al( -7 hl Is to the owi Wavi'( l11ffi11i4,s.S
is seenl thalt ill going towardi tile %vtll tilt, shlear pelnfit rates F ofrulilt.illlg lliljl1 o h flviia
d eeper and11 leeper I ito t he diissipafft ionI swect Illill. For FromiI the I I-ulvicltts it is si'' l tat tn. for' Owl'1 lsindividualeo

'xaltlilpe. tit y 6=0.5)8 tlv ii'Wfv(-lltftllir rafige 11ll to wherei theloi ech mpone nsI of; efer v fligth t th' Vll'iilll5 it'iilfflibll'lfo l

;,z f:;(Ic) hIas fallen to I I" contint1111 a~pproximlat ely 10 per'- oio"( r 'lsiela ig

cl'Iftt of theli dissipat ion.1 At !1;' --0.0-)5 tifis figulre is :t0 percet. . hpe'lefIli p xpo"l ,o

It is reaso ifllbli' to exp~ect this trendll to colit lllme. with thll iof such'i transfer'l is unlknofwn liut ai reatsonalellii specuilaltionf

die Il lissi pat I'l andl thier' is no 5l signfic'ani ~t trasferf of -
Vi'iirgV along the' speci'tllfi). This colchifsioll is coflsistIe~lt tral'lsffefi of i'ffl'f'g to I,' i'xis.ts IllI tesl 1111 lni-fllli'

Witlli till' small -sc'ale' lto rbullli' Itm iit( r h'wall a1ndl till' rap idl~y 11f Ige us, theii shivi'lIr-St I'55 5s 1pv1'tll. There is litl 1.1 i' 'Voh iv

dii i'erasinfg sp'ctru aI11t t ý6:ýI).001 1 . ill Ile Invsue spectl 'i'I '5)ii'trIllm of it rlu IigI' of 1' aus iil''*'l
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